Iron complexes of nitrocatechols with different substituent groups [l: -CH=CRz; 2:
It is well established that free radicals and active oxygen species are associated with many pathological conditions such as radiotherapy, ischemia-reperfusion, inflammation, and aging, where iron plays an important role by way of the generation of active oxygen species and free radicals [l-4] . Although other reactive intermediates such as oxoferryl complex and binuclear peroxo complex are also proposed in the process of iron-catalyzed activation of oxygen [64] , ferrous ion may be potentially much more dangerous than ferric ion. Since iron exists as a chelated complex in biological conditions [9, lo] , if iron can be kept ferric by a chelator under physiological conditions, the catalytic activity of iron for free radical reactions will be decreased, suggesting the significance of a low reduction potential of an iron chelator complex. Transferrin and desferal (methanesulfonate salt of desferrioxamine B, a siderophore of the hydroxamate type) are widely used for protection against iron-induced free radical injuries. They are strong chelators for iron (pKf = 30),* and their iron complexes have much lower reduction potential (E" = -0.3 V) than other iron chelators such as EDTA, citrate, and ADP [ll] . From a clinical viewpoint, the kind of chelator necessary to sequester catalytic iron in biological systems is an important question for disease protection and therapy. all, the chelator must form a stable iron complex to remove deleterious iron from biomolecules. However, in addition to thermodynamic stability, the reduction potential of the iron chelator is important for protection against ironinduced free radical injuries. was reported to be a potent antioxidant [17, 181 . The nitrocatecho1 derivative antioxidant was applied to ischemiareperfusion injuries of rat heart [19] , in which we showed effective protection against the injuries and suggested some chelating effects of the derivative for protection in addition to the radical scavenging effects. In the present study, iron-induced lipid peroxidation and hydroxyl radical generation were tested in the presence of nitrocatechol derivatives, and the oxidation and reduction rates of the iron chelated by the derivatives were also studied in aqueous solution. To elucidate the molecular environment around the iron, the physical properties of ironnitrocatechol derivative complexes were studied by UV/vis absorption, ESR and NMR spectroscopy. It was clarified that nitrocatechol derivatives formed catechol-type complexes with iron and were effective for the protection against iron-induced free radical reaction. 
MATERIALS AND METHODS

Reagents
Nitrocatechol derivatives were gifts from Orion-Farmos Pharmaceuticals (Espoo, Finland) ( Fig. 1 
Lipid Peroxidation of Rat Liver Microsomes
Rat liver was homogenized in a medium (220 mM mannitol, 70 mM sucrose, 2 mM HEPES, and 0.5 g/L bovine serum albumin) on ice, and then microsomes were prepared by centrifugation [2 11. The protein concentration was measured as described by Lowry et al. [22] , and microsomes (10.0 mg protein/ml) were resuspended in HEPES-saline microsomes was added and mixed. The reaction was started by the addition of 100 PL of ascorbate (5 mM in distilled water), and the reaction mixture was incubated at 37". The reaction was stopped by the addition of 1.0 mL of Desferal
(1 mM in distilled water), and TBARS was measured by the method of Ohkawa et al. [23] . Malonaldehyde bis(dimethy1 acetal) was used as a standard for TBARS. Since the latter rate was much more rapid than the former, the reduction rate of iron is approximately equal to the oxygen consumption. The rate constant (kRd) was calculated by dividing the rate by iron and DHLA concentrations.
Wlvis Absor@on
Spectrophotumetry UV/vis spectra of ferric complexes of nitrocatechol derivatives were recorded by a Perkin-Elmer spectrophotometer (Norwalk, CT) at room temperature. To determine the molar ratio of iron to nitrocatechol derivative, Job's plotting was used in HEPES-saline (pH 7.4) and DMSO. Spectra were recorded, changing the molar ratio of ferric ion and the nitrocatechol derivatives, but keeping the total amount of iron and derivatives constant (0.1 mM in HEPES-saline; 10 mM in DMSO).
ESR Spectrosco& ESR spectra were recorded using a Bruker IBM ER200 D-SRC electron spin resonance spectrometer at 200°K. Ali- TBARS. Control microsomes also produced some TBARS, likely as a result of iron impurities in the microsomes. However, in the presence of nitrocatechol derivatives, iron did not promote lipid peroxidation in microsomes, and the lipid peroxidation was inhibited as compared with the control. Catechol also inhibited lipid peroxidation in the same manner as the derivatives. Using ESR spin-trapping, ironcatechol generated hydroxyl radicals much more strongly than did iron citrate, and iron-nitrocatechol derivative 2 generated a small amount of hydroxyl radicals (Figs. 3 and   4 ). However, iron complexes of derivatives 1 and 3 did not generate hydroxyl radicals.
The rates of oxidation and reduction were measured in 
RESULTS
Iron-induced lipid peroxidation was studied using rat liver microsomes (Fig. 2) . Microsomes incubated with iron and citrate produced lipid peroxidation, as measured by The proton chemical shifts of G& -complexes of nitrocatechol denvatlves in water are presented relative to TMS. The proton positions are presented in Fig. 1 by numbering carbons to which the protons are bound. A is the difference of proton chemical shifts of GE?' -nitrocatechols from the nitrocatechols.
HEPES-saline (pH 7.4) at 25" (Table 1 ). To measure the reduction rate, dihydrolipoic acid was used as a reducing agent because the reduction by ascorbate or NADH at pH 7.4 was too slow to measure by oxygen electrode. The ratios of ka&,x, in order of magnitude, were citrate > catechol + derivative 2 > 1, 3.
Iron binding by nitrocatechol derivatives and the physicochemical properties of the ion were studied by UV/vis absorption spectroscopy, ESR, and 'H NMR. When the derivatives were mixed with ferric ion in aqueous solution, the color changed, depending on pH. At a pH of less than 1, the iron complexes were bluish light yellow, but as the pH increased, the color changed to brownish red. In UV/vis absorption spectroscopy of the aqueous solution, the absorb ante maximum at -700 nm changed to -550 nm with increasing pH from 1.0 to 7.4. Typical absorption spectra at pH 4.5 and 7.4 are shown in Fig. 5 . In DMSO, the ferric complexes showed an absorbance maximum at -700 nm, which was virtually the same as that of aqueous acidic solutions, but the intensity was much stronger than that in aqueous acidic solution. All ferric complexes of nitrocatecho1 derivatives showed similar characteristics on UV/vis spectroscopy ( Table 2 ). The absorbance maxima and molar extinction coefficients of ferric complexes of derivatives 1 and 3 were very similar, but in aqueous solution, the absorption band of iron-derivative 2 was in a lower energy region and the molar extinction coefficient was somewhat smaller than those of the others. Using the characteristic visible absorbance of ferric complexes, Job's plotting was done in HEPES-saline (pH 7.4) and DMSO (data not shown). In the ferric complex of derivative 2, the molar ratio of iron to the derivative was 1:3 at pH 7.4; plotting for derivatives 1 and 3 was not done because the large absorption band of the derivative itself disturbed the measurement. In DMSO, the ratio was 1:l for all nitrocatechol derivatives, IR spectra of iron complexes of nitrocatechol derivatives obtained as KBr disk also showed that the vOH (3250 and 3500 cm-') of the derivatives disappeared and the carbonyl groups remained (data not shown), which indicates that phenolic oxygens of the derivatives chelated iron and formed catechol-type iron complexes. Since the visible band of iron-catechol exhibits a blue shift depending on the pH changing the molar ratio of iron to catechol [14, 261, we inferred that in aqueous solution ironnitrocatechol complexes changed the molar ratios of iron to nitrocatechol derivative from 1: 1 to 1:3 with increasing pH:
and the visible absorption band is assigned to a nitrocatecholate + Fe3+ charge transfer transition [27] .
ESR spectra of iron complexes of the nitrocatechol derivatives were recorded in HEPES-saline (pH 7.4) and DMSO ( Fig. 6 ) at 200°K. In both solutions, the complexes mainly showed an ESR signal near g = 4.3 as expected for a transition between the middle Kramers' doublet of a rhombic high-spin iron(II1) complex. The ESR signal near g = 4.3 had broad signals on both sides, which suggests that the complexes are not completely rhombic (E/D <l/3) [28] . This is aIso suggested by the fact that a weak ESR signal at lower field from the ground Kramers' doublet had a g value of less than 9.0. All iron complexes of nitrocatechol derivatives were in the ferric high-spin state with nearrhombicity.
For 'H NMR study of the iron complexes, Ga3+ was used as a substitute for Fe3+ because Ga3+ has chemical properties similar to Fe3' except for the diamagnetism [29, 30] . In DMSO, 'H NMR of Ga3+ complexes of nitrocatechol derivatives (molar ratio = 1:l) was measured to confirm the binding sites. In the presence of Ga3+, the proton signal (C3' and C4') of the phenolic hydroxyl group disappeared in derivatives 1 (Fig. 7) and 3, which indicates that phenolic hydroxyl oxygens of the derivatives chelated Ga3+ and formed 1: 1 gallium-nitrocatechol complexes. By integration of the 'H NMR signal, it was found that -70% of derivative 2 was the keto type and -30% was the enol type. Proton shifts of Ga3'-nitrocatechol complexes in DMSO are presented in Table 3 . By Ga3+ binding, ring protons (C2' and C6') markedly shifted upfield, and protons of C6 also shifted in the same direction. Protons (Cl and C5 for 1 and 2; Cl and C2 for 3) at the end of the substituent shifted slightly. Similar results of proton chemical shifts were reported for enterobactin, a catechol-type siderophore [3 11. In D,O, 'H NMR of Ga3+ complexes of nitrocatechol derivatives was measured at a 1:3 molar ratio of iron to the derivatives (Table 4) . At pD 7.5, almost all ring protons (C2' and C6') of the derivatives shifted upfield the same as 1 1+Ga3+   I   I  I  I  I  ,  I  I  I  I  ,  I  I   I  ,  ,  ,  ,   I  I  I   I  ,  ,  , We concluded that all nitrocatechol derivatives formed tris(nitrocatecholato)ferrate(III) in aqueous solution at pH 7.4 (Fig. 8) ; the iron was high-spin ferric.
DISCUSSION
We tested the effects of nitrocatechol derivatives on ironinduced free radical reactions. In iron-induced lipid peroxide-dependent lipid peroxidation, catechol and the derivatives showed inhibition in the same manner (Fig. 2) , whereas in Fenton-like reactions iron complexes of nitrocatechol derivatives 1 and 3 did not generate hydroxyl radicals, but the iron complex of derivative 2 did (Figs. 3  and 4) . Iron-catechol generated hydroxyl radicals more strongly than did citrate. Nitrocatechol derivatives 1 and 3 were the best chelators to protect against iron-induced free radical reactions. It is unlikely that the rates at which the generated *OH reacts directly to the nitrocatechol derivatives are different between the derivatives because Marcocci et al. reported that derivatives 1 and 2 quenched oxygen free radicals in the same manner [18] , and hydroxyl radical can react with almost all molecules with a diffusionlimited rate constant. Therefore, the different effects of catechol and nitrocatechol derivatives are attributed to the chelate structures and redox properties.
To elucidate the coordination structures of iron complexes of nitrocatechol derivatives, we studied the iron complexes in aqueous solution and DMSO. The structures of iron-nitrocatechol derivative complexes were different from iron-catechol complex. Catechol is reported to form tris(catecholato)ferrate(III) with iron at alkaline pH, but around pH 7.4 catechol predominantly forms a 1:2 complex with iron [14, 26, 321 . The nitrocatechol derivatives formed 1:3 complexes with iron at pH 7.4 (Fig. 8) . The nitrocatecho1 derivatives have lower pKa values of the phenolic hydroxyl groups than catechol because of an electrophilic nitro group in dihydroxylbenzene moiety [ 181 and can make 1:3 complexes with iron at pH 7.4, which is more beneficial to sequester iron and prohibit the iron from the approach of the reactants in biological systems. In a molecule of 1:2 iron-catechol complex is a space through which a small reactant such as hydrogen peroxide can approach the chelated iron, but lipid peroxides, which are larger, do not approach the catalytic iron by the steric effect [33] .
The redox properties of the iron complexes are important in the free radical generation by transition metals. Considering the equilibrium of ferric and ferrous complexes:
the ratio of k,/k_, is related to the reduction potential, AE = -AG/F = RT ln(kJk_,)/F, were F is the Faraday constant. Using the ratio kRd/kOx as a substitute for k,/k_,, the k&kOx may also be related to the reduction potential. We evaluated the redox properties of the iron complexes by the k,/k,, ratios (Table 1) . I ron complexes of all nitrocatechol derivatives had much lower ratios than iron citrate, which is consistent with low reduction potentials of catechol-type iron complexes [ll-131. Iron-catechol showed a higher reduction potential than iron-nitrocatechols because of the different coordination structure. Iron complexes of nitrocatechol derivatives 1 and 3 showed the same kRd/kOx ratio, while iron complex of nitrocatechol derivative 2 had a higher ratio, which suggested that iron-nitrocatechol2 has a higher reduction potential than the other iron-nitrocatechols (1 and 3). It is reported that iron phenolate with conjugated substituent has a lower reduction potential than the corresponding iron phenolate without the conjugation [34] . Nitrocatechol derivatives 1 and 3 have conjugation substitutes, but derivatives 2 does not. This fact is reasonably explained by molecular orbital considerations, that is, a catechol with a conjugation substituent has higher energy of HOMO than the corresponding one without the conjugation, and iron d oribtals in catechol-type iron complexes are sensitive to the HOMO [35, 361. As shown in the A,,, data (Table 2 ), the energy gap of ligand-to-metal charge transfer (IT -+ d,) of iron-nitrocatechol 2 was larger than those of iron-nitrocatechols 1 and 3. Therefore, we inferred that iron-nitrocatechol 2 has a higher reduction potential than iron-nitrocatechols 1 and 3, and generated hydroxyl radical in a Fenton-like reaction. The reaction rates of ligand exchange of iron-nitrocatechols may not be so important because iron chelated by the derivatives was high-spin ferric in iron-nitrocatechols (Fig. 6) , and all the high-spin iron complexes may be ligand-exchange-labile
[371.
In this study we showed that nitrocatechol derivatives with a conjugation structure are promising candidates for therapy of so-called "free radical diseases." In addition to the radical scavenging effects, they have strong thermodynamic stabilities for iron, and the chelated iron has no catalytic activity for free radical generation because the iron complexes prefer the ferric state to the ferrous one due to the low reduction potentials.
